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Abstract

Nerve injury, tissue damage, and
inflammation all cause hyperalgesia. A
factor contributing to this increased
sensitivity is a long-term (>24 hr)
hyperexcitability (LTH) in the sensory
neurons that mediate the responses. Using
the cluster of nociceptive sensory neurons
in Aplysia californica as a model, we are
examining how inflammation induces LTH.
A general inflammatory response was
induced by inserting a gauze pad into the
animal. Within 4 days, the gauze is
enmeshed in an amorphous material that
contains hemocytes, which comprise a
cellular immune system. Concurrently, LTH
appears in both ipsilateral and contralateral
sensory neurons. The LTH is manifest as
increased action potential discharge to a
normalized stimulus. Immunocytochemistry
revealed that hemocytes have antigens
recognized by antibodies to TGFb1, IL-6, and
5HT. When a localized inflammation was
elicited on a nerve, hemocytes containing
the TGFb1 antigen were present near axons
within the nerve and those containing the
IL-6 were on the surface. Western blots of
hemocytes, or of gauze that had induced a
foreign body response, contained a 28-kD
polypeptide recognized by the anti-TGFb1
antibody. Exposure of the nervous system to
recombinant human TGFb1 elicited
increased firing of the nociceptive neurons
and a decrease in threshold. The TGFb1 also
caused an activation of protein kinase C
(PKC) in axons but did not affect a kinase

that is activated in axons after injury. Our
findings, in conjunction with previous
results, indicate that a TGFb1-homolog can
modulate the activity of neurons that
respond to noxious stimuli. This system
could also contribute to interactions
between the immune and nervous systems
via regulation of PKC.

Introduction

Animals have developed sophisticated mecha-
nisms to respond to noxious stimuli. Events that
damage the skin or injure a nerve activate nocicep-
tive neurons whose cell bodies reside in dorsal root
ganglia. The information is then relayed to neurons
in the spinal cord, which subsequently relay it to
centers in the brain. One consequence of injury is
an increase in the excitability of the nociceptors
whose peripheral fields have been damaged (La-
motte et al. 1996). These changes depend on tran-
scription and translation and therefore constitute a
memory of injury (Zimmermann and Herdegen
1996). The increase in excitability contributes to
hyperalgesia at the site of injury, making the area
more sensitive and serving as a protective mecha-
nism (Walters 1994). A similar response occurs
when an animal has been invaded by a foreign sub-
stance. In these situations, however, the immune
system is an intermediary, releasing factors that in-
duce the hyperexcitability in the sensory neurons
(Bennett and Xie 1988; Cesare and McNaughton
1997). The hyperexcitability caused by injury or
inflammation can last for days but generally dimin-
ishes as the injury is repaired and the inflammation
subsides. In some unfortunate cases, the hyperex-
citability persists, leading to chronic neuropathic
pain.

Chronic pain is a significant clinical problem
that might be alleviated if we had a more complete1Corresponding author.
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understanding of the molecular events that cause
long-term hyperexcitability (LTH). The pathways
responsible for inducing LTH after injury are gradu-
ally being identified (e.g., Ambron and Walters
1996; Zimmermann and Herdegen 1996), but de-
fining interactions between sensory neurons and
the immune system has proven more difficult.
Given that both injury and inflammation induce a
similar LTH, there should be points of convergence
in the pathways activated under each condition.
We are attempting to identify these points by using
the bilateral cluster of wide-dynamic-range sensory
neurons in the marine mollusc Aplysia californica
as a model. Because these neurons are the primary
responders to noxious stimuli, their functions over-
lap those of the nociceptive neurons of vertebrates
(Illich and Walters 1997).

Injury to the axon of a sensory cell causes the
soma to become hyperexcitable and produces a
site-specific sensitization of the skin in the recep-
tive field of the injured neuron (Walters 1987a,b).
The sensitization, which can last for weeks, is
analogous to hyperalgesia in higher animals and is
the behavioral manifestation of the memory of in-
jury (Walters 1994). The sensory neurons also be-
come hyperexcitable when an inflammatory re-
sponse is elicited by tying a nondamaging ligation
around a nerve containing their axons (Clatworthy
et al. 1994). The site of the inflammation is marked
by an accumulation of hemocytes, which comprise
an invertebrate cellular immune system (Bayne
1983; Ottaviani and Franceschi 1996). Hemocytes
contain homologs of cytokines, bioactive peptides
(Ottaviani and Cossarizza 1990; Ottaviani et
al.1992), and proteins, such as transforming
growth factor-b1(TGFb1) (Franchini et al. 1996),
which when released could contribute to the in-
duction of LTH. It was therefore significant that
Zhang et al. (1997) recently showed that recombi-
nant TGFb1 could induce changes in the electrical
properties of Aplysia nociceptive neurons. In this
paper we show that Aplysia hemoctyes contain a
TGFb1-like factor and that these cells appear at
sites of inflammation. In addition, recombinant ver-
tebrate TGFb1 causes sensory neurons to become
hyperexcitable. These findings indicate that Aply-
sia will be useful in determining how different
noxious stimuli can cause LTH in a well-defined
population of nociceptive neurons.

Materials and Methods

A total of 100–200 grams of A. californica

were obtained from the University of Miami (FL)
animal facility and were maintained in artificial sea-
water (ASW) at 15°C. Animals were anesthetized
with isotonic MgCl2, a small incision was made in
the dorsal body wall, and either a 0.5 × 0.5-cm
piece of nonsterile gauze was inserted into the he-
mocoel or a string of gauze was tied loosely around
a peripheral nerve. The animal was then sutured
with 5-0 monofilament nylon and returned to the
tank.

ELECTROPHYSIOLOGY

Animals were anesthetized, incised along their
ventral surface, and pinned to a dish. The entire
CNS was removed and placed in ASW and the pleu-
ral ganglia were desheathed. The nociceptive sen-
sory neurons were impaled and the threshold and
the number of action potentials in response to a
stimulus 2.5× threshold were determined by stan-
dard procedures (Walters et al. 1991; Ambron et al.
1996). All data are expressed as means ±S.E.M.. Ex-
periments in which one sensory cluster was the
experimental and the other the control, the person
recording from the cells did not know which
preparation was being examined. The mean excit-
ability from 5–10 cells in each cluster—one cell of
the pair in the right cluster and the other in a
comparable position in the left cluster—was com-
pared using a paired two-tailed t-test. Comparison
of the mean excitability of the sensory neurons
between animals was carried out using an unpaired
t-test.

IMMUNOHISTOCHEMISTRY

Hemocytes and pedal nerves were fixed with
5% paraformaldehyde in Tris-HCl (pH 7.6) for 3 hr
at room temperature and permeabilized with 0.5%
Triton X-100 in buffer. The nerves were frozen,
and 10- 20-µm sections were obtained with a cryo-
stat. Nerve sections and permeabilized hemocytes
were exposed to antibodies against TGFb1, inter-
leukin-6 (IL-6), and IL-1 (1:200) (Santa Cruz Bio-
technology) and antigen/antibody complexes
were detected using an HRP-conjugated secondary
antibody (1:500). Controls were exposed to sec-
ondary antibody only, and there was no staining.

TGFb1

Human recombinant TGFb1 was obtained as
the active 25-kD disulfide-linked homodimer (R&D
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Systems). Samples of the stock solution were sub-
jected to SDS-PAGE, and silver staining showed
that ∼90% of the protein was in a single 13-kD
band. The nervous system was excised from the
animal in isotonic MgCl2/ASW (1:1) leaving nerve
p9 as long as possible. The animal was bisected and
the two halves incubated separately. The bath on
one side was replaced with medium containing
TGFb1 (100 ng/ml). After 24 hr at 15°C, the sheath
over the sensory cluster was removed and the neu-
rons in the p9 region were impaled for recording.
In experiments to assay the effects of TGFb1 on
PKC, we employed a three-chambered dish in
which the distal portions of the pedal nerves on
each side were placed in chambers separated from
each other and from the attached pleuropedal gan-
glia. The chambers were sealed from one another
using vacuum grease. The factor (100 ng/ml) was
then added to one of the chambers containing the
distal portions of the nerves. After 30 min at 15°C,
the nerves on both sides were removed and as-
sayed.

CELL CULTURE

Juvenile animals were anesthetized, and the
abdominal ganglion was removed. Neurons were
individually placed onto culture dishes coated with
polylysine as described previously (Ambron et al.
1996). After 1 day, hemolymph-containing hemo-
cytes was added, and the interaction between the
hemocytes and neurons was monitored by phase-
contrast microscopy. Images were captured using
an Argus 20 System linked to Adobe Photoshop.

PKC ASSAYS

We adapted previously published procedures
(Kruger et al. 1991; Sossin and Schwartz 1992).
Tissues were homogenized in lysis buffer contain-
ing EDTA, EGTA, sodium pyrophosphate, b-glyc-
erol, sodium vanadate, and leupeptin, in Tris-HCl
(pH 7.4). Extracts were clarified by centrifugation,
and samples containing 25 ng of protein were re-
moved and incubated in 10 mM MgCl2, 10 mM

EGTA, and 500 nM synthetic peptide substrate (Sos-
sin and Schwartz 1992). A preparation of phorbol
myristic acid (PMA) and phosphatidyl serine (PS)
(Life Technologies) was added to an identical tube
to maximally activate the protein kinase C (PKC)
and chelerythrine (CalBiochem) was used as a spe-
cific inhibitor. The reactions were initiated with

[g-32P]ATP (Du Pont–New England Nuclear). After
30 min at room temperature, the reaction mix was
spotted onto a phosphocellulose disk (Whatman).
The disk was quenched with 1% ATP followed by
washes with 5% phosphoric acid and water. Incor-
poration into the substrate was determined by liq-
uid scintillation. To assess PKC activity, back-
ground phosphorylation, which occurs in the ab-
sence of substrate, was subtracted in each sample.
The specific activity of PKC in each sample was
then calculated and expressed as pmoles of 32P
incorporated into substrate per minute per micro-
gram of protein. The phosphorylation of the sub-
strate, which ranged from 8,000 to 10,000 cpm,
was prevented by chelerythrine.

Results

AN INFLAMMATORY RESPONSE INDUCES
LONG-TERM HYPEREXCITABILITY
IN THE NOCICEPTIVE NEURONS

The sensory neurons are found in bilateral
clusters containing ∼200 neurons each (Walters et
al. 1983). Each neuron extends an axon into a
single pedal nerve to the body wall (Fig. 1; Walters
et al. 1983). Within the cluster, neurons with
axons in the same nerve tend to be grouped. Be-
cause each nerve innervates a discrete area of skin,
the groups collectively form a rough somatotopic
map of the body wall (Billy and Walters 1989). To
test the hypothesis that LTH is caused by the re-
lease of a factor from the hemocytes into the he-
molymph, we induced a general inflammation by
inserting a piece of gauze into the hemocoel
through a small incision in the body wall. The in-
cision was sutured and the animal was returned to
its tank. The 70% of the animals that recovered
regained mobility and found and consumed sea-

Figure 1: Diagram of the ventral surface of the left
pleural and pedal ganglion showing pedal (p) nerves p9
and p8. p9, which is the longest nerve in the animal,
extends caudally to innervate the tail. The other pedal
nerves have been severed close to the ganglion.

INFLAMMATION AND LONG-TERM HYPEREXCITABILITY
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weed as usual but were more sensitive to touch
and tended to release ink more readily than non-
treated animals. By the fourth day the gauze was
enveloped in a viscous, brown amorphous material
that contained hemocytes and was strongly at-
tached to either the nerves or the head ganglia on
the side of the incision. In some cases, the gauze
was also fused to muscles of the body wall. We
assessed the excitability of sensory neurons in each
cluster from 11 animals and found that neurons on
both sides fired significantly more action potentials
in response to a normalized stimulus than did cells
from five animals tested on day 0 (P < 0.001, Table
1). The inflammation did not affect threshold, how-
ever. Incising the body wall also increased the ex-
citability of the sensory neurons 4 days later, al-
though not to the level seen on the side containing
the gauze. Thus, comparison of the mean activity
in the sensory neurons in the 11 animals treated
with the gauze to that recorded from the cells in
clusters from 5 animals that were operated on, but
not exposed to the gauze, showed a significant
difference (P < 0.002, Table 1).

HEMOCYTES CONTAIN BIOACTIVE FACTORS

We used indirect immunocytochemistry to
screen the hemocytes for factors that might cause
hyperexcitability but limited our search to con-
stituents that have been identified in invertebrates
(Franchini et al. 1996). Hemolymph was added to
polylysine-coated plastic dishes and when the

round, phase-bright hemocytes settled onto the
substratum and become phase dark and motile, the
cells were fixed, permeabilized, and exposed to
antibodies. Approximately 15% of the hemocytes
stained with an antibody to vertebrate TGFb1 (Fig.
2). The staining was concentrated in large vesicular
structures, a distribution that has been observed in
hemocytes from other invertebrates (Franchini et
al. 1996). We found that the stained cells were
large and contained many broad lamellipodia and
filamentous extensions. Approximately 60% of the
cells were stained with an antibody to IL-6 but
none with an antibody to IL-1 (Fig. 2). The cells
containing the putative IL-6 homolog were smaller
than those that were positive for TGFb1, suggest-
ing that the two factors are present in distinct
populations of cells. Approximately 10% of the
cells were reactive to an antibody to serotonin (5-
HT; Fig. 2).

CELLS CONTAINING THE PUTATIVE TGFb1
HOMOLOG ARE PRESENT AT SITES
OF INFLAMMATION

We next examined the site of an inflammation.
A loose ligation was tied around nerve p9, and 4
days later, when the gauze is known to elicit a
foreign body response (Table 1), the animal was
sacrificed and a nerve segment containing the in-
flammation site and an equal-sized segment of con-
trol nerve were removed, fixed, frozen, and sec-
tioned. Clusters of cells at the ligation site were

Table 1: Induction of LTH in the nociceptive neurons

Spikesa Threshold

Day left right left right N SNb

Operated
0 3.7 ± 0.3 4.0 ± 0.3 1.4 ± 0.1 1.4 ± 0.1 5 34
1 2.7 ± 0.2 3.7 ± 0.6 1.2 ± 0.1 1.4 ± 0.2 4 15
4 5.6 ± 0.6 5.1 ± 0.5 1.0 ± 0.1 1.2 ± 0.1 5 30

Gauze
4 8.4 ± 0.6 6.1 ± 0.4 1.0 ± 0.1 1.0 ± 0.6 11 65

TGFb1
1 8.1 ± 0.6 4.5 ± 0.4 0.9 ± 0.04 1.1 ± 0.03 4 40

The number of action potentials elicited by a stimulus normalized to threshold, and the cell threshold (nA) of sensory
neurons in the right and left pleural ganglion after an incision (operated), insertion of gauze, or exposure to TGFb1.
aThe side exposed to TGFb1. Each value is the mean (±S.E.M.) of the average scores from N animals. Each animal
contributed an average score from 5–10 cell pairs—one cell in each pair from the right sensory cluster and the other from
the left.
b(SN) The total number of sensory neuron pairs.
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detected with the anti-TGFb1 antibody (Fig. 3). Sig-
nificantly, the stained cells were within the nerve
near the axon bundles. In contrast, cells that
stained with the antibody to IL-6 were found in
groups on the surface of the inflamed nerve (Fig.
3). Preliminary experiments indicate that IL-6 has
no effect on the activity of the sensory neurons.

THE ANTIBODY TO TGFb1 RECOGNIZES
A POLYPEPTIDE IN HEMOCYTES
AND AT THE SITE OF INFLAMMATION

To begin to identify the antigen recognized by
the anti-TGFb1 antibody, Western blots of hemo-
cyte extracts were probed with the antibody. A
single polypeptide, at 28-kD, was recognized con-
sistently (Fig. 4). This constituent is soluble be-
cause when the hemocytes were fractionated by
differential centrifugation, the 28-kD polypeptide
was in the supernatant (not shown). We also
looked for the factor at a site of inflammation.
Gauze that elicited a foreign body reaction after 4
days in an animal was extracted with detergent.
Western blots of the extract showed that the 28-kD
polypeptide was present (Fig. 4B). The antibody

detected higher molecular weight polypeptides on
some blots.

TGFb1 INDUCES HYPEREXCITABILITY
IN THE SENSORY NEURONS

The presence of a putative 28-kD TGFb1-ho-
molog in hemocytes and at sites of inflammation
prompted us to investigate a possible role for
TGFb1 in response to inflammation. To avoid the
effects of nerve injury, which induces LTH in the
sensory neurons (Walters et al. 1991), we took ad-
vantage of the fact that the neurons with axons in
pedal nerve p9 to the skin comprise a discrete
group within the sensory cluster (Billy and Walters
1989). p9 is the longest nerve in the animal (Fig.
1), and severing the nerve at the body wall while
bathing the nervous system in a high divalent cat-
ion medium precludes the possibility that fast and
slow injury signals will reach the cell bodies lo-
cated 5–6 cm away (Gunstream et al. 1995).

Figure 2: Immunocytochemistry of hemocytes migrat-
ing on polylysine-coated plastic dishes. The cells were
fixed, permeabilized, and exposed to the primary anti-
body indicated. Antigen-antibody complexes were sub-
sequently detected with HRP-coupled secondary anti-
body. Hemocytes were stained by antibodies to verte-
brate TGFb1 and IL-6, but not to IL-1. Positive staining
was also obtained with an antibody to 5-HT. The stain-
ing was most intense in large granules (arrows). Hemo-
cytes that were recognized by the anti-TGFb1 antibody
were larger than most of the other cells and contained
especially prominent lamellipodia (Lam). Bars, 2 µM.

Figure 3: Immunocytochemical localization of cells
containing TGFb1 and IL-6. An inflammation was elic-
ited by tying a loose ligation around nerve p9. Four days
later the nerve segment immediately below the ligation
was fixed, frozen, and sectioned in the longitudinal
plane. A segment of a control nerve from the same ani-
mal was treated similarly. Sections were exposed to the
primary antibody followed by an HRP-coupled second-
ary antibody. Images were captured using an Argus 20
system. Groups of TGFb1 immunopositive cells were
detected under the connective tissue sheath and adja-
cent to the axon bundle (arrow). This section was taken
near the end of the nerve segment. In contrast, large
accumulations of IL-6-positive cells were found attached
to the outer border of the sheath. There was no staining
of control nerves. Bars, 30 µM.
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Using this preparation, one-half of the CNS
was exposed to 100 ng/ml active recombinant ver-
tebrate TGFb1 as described previously (Zhang et
al. 1997). The contralateral side served as a control.
Twenty-four hours later, we washed both ganglia
with ASW and recorded from 10 p9 neurons in
each cluster. In all four experiments the sensory
neurons exposed to the TGFb1 fired significantly
more spikes than the control cells (experimen-
tal = 8.1 ± 0.6, control = 4.5 ± 0.4, P < 0.05; Table
1). The TGFb1 also caused a significant reduction
in the threshold (P < 0.01; Table 1).

TGFb1 ACTIVATES PKC INAXOPLASM

TGFb1 initiates kinase cascades in cells (Lin et
al. 1992) and we wanted to determine whether it

would activate PKC, which has been implicated in
the induction of electrical changes, including hy-
perexcitability, in the sensory neurons (Sugita et al.
1992, 1997; Manseau et al. 1998). Aplysia neurons
contain only one calcium-dependent and one cal-
cium-independent form of PKC (Sossin et al. 1993).
We also examined effects on IAK-1(Injury-activat-
edkinase-1), an axoplasmic kinase that is phos-
phorylated after injury (Y.J. Sung, M. Povelones,
X.P. Zhang, D.F. Zhu, and R.T. Ambron, unpubl.).
The intact nervous system was placed into a cham-
ber containing three compartments so that the p9
nerves were separated from each other and from
the ganglia (see Materials and Methods). p9 in one
compartment was exposed to 100 ng/ml TGFb1,
and 30 min later equal-size segments of control and
experimental nerves were assayed for PKC activity
(Table 2). In all three experiments PKC was much
more active in the nerves exposed to the factor
than in controls. By comparing the activity elicited
by TGFb1 to that in identical samples treated with
exogenous phorbol ester and PS, to maximally ac-
tivate both isoforms, we found that exposure to
TGFb1 had elicited maximal activity. In contrast,
only a small percentage of total kinase in the con-
trol nerves was constitutively active (Table 2). All
of the activity was blocked with the PKC-specific
inhibitor chelerythrin. To determine whether PKC
was present in axons, we extruded axoplasm from
the pedal nerves and found that both PKC isoforms
were present. In significant contrast to the robust
stimulation of PKC, TGFb1 had no effect on IAK-1.

HEMOCYTES INTERACT WITH NEURONS
IN CULTURE

The cells that contain TGFb1 are found near
axons at the site of an inflammation where they

Figure 4: Recognition of a TGFb1-like polypeptide on
Western blots. (A) A blot, probed with the anti-TGFb-1
antibody, showing the prominent 28-kD polypeptide
(arrow) in an extract of hemocytes, and authentic recom-
binant vertebrate TGFb1 (arrowhead). (B) Blot of hemo-
cytes and a detergent extract of gauze that had been
implanted in an animal for 4 days. The anti-TGFb1 an-
tibody detected a prominent 28-kD polypeptide in the
gauze extract (arrow). Much of the antigen in the hemo-
cyte sample was found in high molecular weight poly-
peptides.

Table 2: Activation of PKC by TGFb-1

1 2 3

Experiment Con TGFb1 Con TGFb1 Con TGFb1

Substrate 0.20 3.1 0.21 3.10 0.38 1.26
+ Activator 2.57 2.5 2.67 2.60 0.97 1.15

Nerve p9, exposed to recombinant vertebrate TGFb1 for 30 min, and the contralateral control p9 (Con), were homog-
enized separately and extracts were assayed for PKC activity by measuring the incorporation of 32P from g-labeled
ATP into a peptide substrate containing a PKC phosphorylation site (see Materials and Methods). Incorporation was
assessed by scintillation and ranged from 8,000 to 100,000 cpm depending on the specific activity of the ATP. PKC activity
is expressed as pmoles of 32P incorporated into the peptide/min per µg protein. Phorbol ester and PS (activator) were added
to a duplicate tube in each experiment to maximally activate the PKC in the sample.
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could influence the neurons by direct contact with
their axons (Fig. 3). To begin to explore this pos-
sibility, we grew Aplysia neurons in vitro and then
added hemocytes while the neurons were actively
extending neurites. The hemocytes settled on the
substratum and became motile. From studies of
>200 neurons in 30 dishes we observed that the
migrating hemocytes contacted and adhered to the
neurites, often forming clusters at the neurite tip
(Fig. 5). Hemocytes also came into contact with
the neuronal cell soma but did not remain at-
tached. These interactions were all observed when
the hemocytes and neurons were removed from
the same and from different animals.

Discussion

Tissue damage, nerve injury, and nerve inflam-
mation all cause hyperalgesia in humans. Although
pain is a subjective human experience, lower ani-
mals are thought to exhibit pain-like states through
specific behaviors, most notably withdrawal re-
flexes. Walters (1994) has argued persuasively that
the site-specific sensitization seen after injury to
invertebrates, such as Aplysia, is a primitive form
of hyperalgesia that has evolved as a means of pro-
tecting the injured area from additional damage. It
is relevant, therefore, that damage to the body wall
of Aplysia (Lewin and Walters 1999), injury to its
nerves (Walters et al. 1991), or inflammation in
these nerves (Clatworthy et al. 1994) all elicit simi-
lar long-lasting defensive behaviors. Moreover, in

both mammalian and Aplysia nociceptive systems
the behavioral response reflects the induction of
LTH in the nociceptive neurons. This raises the
important questions as to which intracellular path-
ways are elicited by each stimulus and where do
they converge to induce the LTH? We have at-
tempted to answer these questions by comparing
and contrasting the responses to inflammation
with those reported previously for nerve injury
(Ambron and Walters 1996; Liao et al 1999; Y.J.
Sung, M. Povelones, X.-P. Zhang, D.-F. Zhu, and
R.T. Ambron, unpubl.).

A concomitant of the induction of LTH by in-
flammation in Aplysia is the accumulation of he-
mocytes at the site of the lesion (Clatworthy et al.
1994). Activated immunocytes release many types
of factors, and it was reported that when Aplysia
hemocytes are exposed to an inflammatory agent
they release a factor that causes LTH in the sensory
neurons (A.L. Clatworthy and E.F. Grose, unpubl).
It was of interest, therefore, that Zhang et al.
(1997) found that recombinant vertebrate TGFb1
was able to induce synaptic facilitation in these
same neurons. The factor did not have an effect on
excitability, however. The appearance of LTH in
the sensory neurons is regulated by events elicited
by nerve injury (Walters et al. 1991; Gunstream et
al. 1995; Ambron and Walters 1996) and it was
unclear whether Zhang et al. (1997) controlled for
this in their studies. We therefore exposed the sen-
sory neurons to vertebrate TGFb1 under condi-
tions in which injury reactions were minimized
and found that the factor caused the neurons to
become hyperexcitable (Table 1). Chin et al.
(1999) have obtained similar results. The LTH in-
duced by TGFb1 was manifest both as an increase
in firing in response to a stimulus and a decrease in
threshold (Table 1). The latter was not observed
after inflammation in vivo (Table 1), and it is likely
that multiple factors are released during inflamma-
tion. 5-HT, for example, would have a substantial
effect on the excitability of the sensory neurons
(Dale et al. 1987: Lewin and Walters 1999; Liao et
al. 1999) and we have immunocytochemical evi-
dence that 5-HT is present in some hemocytes
(Fig. 2).

The fact that sensory neurons respond to ver-
tebrate TGFb1 in ways that mimic responses to
natural stimuli and that Aplysia neurons contain a
receptor that recognizes vertebrate TGFb1 (Zhang
et al. 1997) strongly suggest that Aplysia contains
a TGFb1-like factor that resembles its vertebrate
counterpart. One source of this factor appears to

Figure 5: Interaction between hemocytes and neurons
in vitro. The motile, phase-dense hemocytes (arrow-
heads) preferentially attach to the neurites and not the
cell body (CB). Here the hemocytes formed clusters near
the growing tips of the neurites. Bar, 15 µM.
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be hemocytes, as vesicles in these cells contain an
antigen that is recognized by an antibody to verte-
brate TGFb1 (Fig. 2). Furthermore, hemocytes con-
taining the antigen were present within the in-
flamed nerve where they could release the factor
directly into the area traversed by axons of sensory
neurons. These findings mesh nicely with the idea
that the Aplysia TGFb1 homolog is released from
hemocytes at the site of an inflammation to con-
tribute to the induction of the LTH. This hypoth-
esis would be strengthened if the molecular iden-
tity of the homolog were known. Franchini et al.
(1996) used immunocytochemical methods to
demonstrate the presence of a TGFb1-like antigen
in hemocytes of other invertebrates, but the anti-
gen was not characterized further. We found that
the antibody to TGFb1 consistently recognized a
polypeptide of 28-kD on Western blots prepared
from extracts of hemocytes (Fig. 4). This constitu-
ent was soluble and was also present in gauze that
had caused a foreign body reaction (Fig. 4). The
presence of higher molecular weight polypeptides
on some of the blots suggested that the 28-kD pro-
tein might be processed from precursors. Verte-
brate TGFb1 is initially secreted as part of a large
complex that is subsequently cleaved in stages by
metalloproteinases to yield a 25-kD homodimer
(Miyazono et al. 1988). Tolloid, a metalloprotein-
ase present in the Aplysia nervous system (Liu et
al. 1997), would presumably be available to pro-
cess the Aplysia TGFb1. The processing must be
different from that in vertebrates, however, as the
Aplysia factor is a 28-kD monomer. Resolution of
these issues awaits further chracterization of the
28-kD constituent.

The finding that recombinant TGFb1 activated
PKC in the nerves is important for several reasons.
First, it extends previous studies, mentioned
above, indicating that a TGFb1-like factor modu-
lates the activity of the sensory neurons (Zhang et
al. 1997; Chin et al. 1999). Second, studies of ver-
tebrate nociceptive neurons have shown that PKC
is activated in axons in response to agents that
cause pain (Cesare and McNaughton 1997). The
activated kinase is postulated to phosphorylate
channels locally to increase sensitivity. By analogy,
the activation of PKC in Aplysia axons could in-
crease axon excitability, thereby contributing to a
state of general arousal (Sugita et al. 1992, 1997).
We found that TGFb1 activated all of the PKC in
the nerve, meaning that the factor affected both
the calcium-dependent and -independent forms of
the enzyme (Table 2). How this occurs and which

substrates are phosphorylated in the axon is now
under investigation. Third, Manseau et al. (1998)
have reported a link between hyperexcitability and
the activation of PKC in Aplysia, so that our work
serves as a bridge between the PKC cascade and an
extrinsic factor that might be released during vari-
ous kinds of stress. Interestingly, TGFb1 did not
affect IAK-1, which is a kinase in the axon that is
activated by injury (Y.-J. Sung, M. Povelones, X.-P.
Zhang, D.-F. Zhu, and R.T. Ambron, unpubl.).
Thus, in spite of the similarity in the effects on the
neurons, injury and inflammation differ in the ki-
nase cascades that are initiated.

Vertebrate TGFb1 has a broad spectrum of ac-
tivities. For example, it induces macrophages to
migrate to the site of a lesion (Wahl et al. 1987),
enhances phagocytosis of macrophages, and
causes the release of IL-1 and tumor necrosis fac-
tor-a (TNF-a; Bayne 1983). Consequently, the Aply-
sia factor could have multiple roles, especially in
cells that were found near axons in the nerve. We
have started to examine the interactions between
hemocytes and neurons in an in vitro preparation
and found that the hemocytes adhere selectively to
the neurites (Fig. 5). A more detailed description of
this process is in preparation (J. Farr, D. Valchich,
and R.T. Ambron). The specificity of hemocyte/
neuron interactions gives credence to the idea that
hemocytes, like vertebrate macrophages, have
multiple roles when the nervous system is physi-
cally injured or assaulted by a foreign body.
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